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ABSTRACT

The Midcontinent Rift System (MRS) is a major Precambrian magmatic province on
the North American continent. It formed when the North American craton began to split
apart during the Mesoproterozoic era (1,100 Ma). As a result of the extension and
possibly the effects of a rising mantle plume, a thick layer of basalt and numerous reverse
and normal faults were formed. The basalt layer is buried below sedimentary formations
and makes it difficult for seismic techniques to image. On the other hand, gravity and
magnetic methods can be utilized for focused depths, and the basalt layer of the system
can be differentiated due to its high density and high susceptibility values. Consequently,
joint gravity-magnetic investigations were conducted in this study to investigate the
upper crustal structure of the MCR.
Results show that the thickness of the magnetic portion of the basalt layer beneath the
Kansas part of the MRS is approximately 9.1 km with a density of 2.9 gr/cm3. Average
crustal thickness beneath the MRS is about 47 km which is consistent with results from
passive seismic investigations. The layer immediately beneath the basalt layer has a
density that is almost identical to that of the basalt layer, but with a near-zero magnetic
susceptibility. This layer is interpreted as a basalt layer, but with a temperature that is
higher than the Curie point, above which rocks cannot be magnetized.
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NOMENCLATURE
Symbol

Description

CNARS

Central North American Rift System

COCORP

Consortium for Continental Reflection Profiling

CPO

Central Plains Orogen

EARS

East African Rift System

Ga

Billion year Ago

gr/cc

gram/cubic centimeter

gr/cm3

gram/cubic centimeter

Gyr

Gigayear

m

meter

M.a.

Million year ago

m.y.

Million year

MGA

Midcontinent Geophysical Anomaly

MGH

Midcontinent Gravity High

MRS

Midcontinent Rift System

1. INTRODUCTION
The 1100-million-year (Mesoproterozoic) old Midcontinent Rift System (MRS) is
one of the most outstanding tectonic features on the North American continent, and one
of the World’s major continental rifts. It spans approximately 3000 km of the North
American Craton (Figure 1.1). The system consists of 2 main limbs (legs) that extend
from the Lake Superior region to at least central Kansas (probably to Oklahoma, and
perhaps Texas-New Mexico) and to the southeast into central Michigan (Ojakangas et al.,
1997; Stein, et al., 2014). Rifting extension that produced these two limbs was developed
in the middle-Proterozoic time (1200-1100 Ma), then aborted.
Results from interpretation of geological and geophysical data have helped
researchers gain more information about the general rift structure (e.g., rift fill rocks,
overlying sedimentary basins, and the underlying crust). Regional geophysical
information indicates that the Phanerozoic sedimentary layer lies on the MRS basement
and that the crust is bent beneath the system. The main source of potential field anomalies
depends on the general structure beneath the system (basaltic lava layers, layer of
Phanerozoic volcanogenic sedimentary rocks overlain by post-volcanic clastic rocks).
Regional gravity studies show that the intensity and curvilinear gravity feature spans
from the Lake Superior region into central Kansas, in the central portion of the US
(Figure 1.2.). Cannon et al. (1992) did not find any evidence of magmatic activity
occurring 30 m.y. before the beginning of the extension. During the accumulation of
basaltic lava, the thickness of deposition reached up to 20 km (Hinze et al., 1992; Green,
1983).
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Figure 1.1 Tectonic framework of the MRS. Precambrian basement provinces and their
features with abbreviations which are Great Lakes Tectonic Zone (GLTZ), Niagara Fault
Zone (NF), Missouri Gravity Low (MGL), Spirit Lake Trend (SLT) and Grenville
Province (G). S, P and E, also shows the McClure- Sparks, Texaco-Poersch and AmocoEischeid drill holes, respectively (Van Schmus, 1992).
This important Precambrian magmatic province has been given various names:
Midcontinent Gravity High (MGH), Midcontinent Geophysical Anomaly (MGA), Central
North American Rift System (CNARS), and Midcontinent Rift System (MRS) (Hinze et
al., 1997; Van Schmus, 1992). Understanding the evolution of the MRS and the structure
of its lithosphere is important because of the following reasons (Hinze et al., 1997):
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1. The large amount of igneous rock production is unusual to most other
continental rifts. For example, the East African Rift System has less igneous activity than
the MRS despite the fact that they have almost the same length. Improved images of
lithospheric structure may shed light on this problem.
2. Three dimensional distribution of mantle derived rocks are crucial for
studying on mantle heterogeneity and dynamics related to the rifting process and crustmantle boundary.
3. Effective exploration of mineral deposits and hydrocarbon resources is
dependent on better-defined regional crustal structures.
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Figure 1.2 North America gravity map (Aldouri, 2015).

The eastern and western parts of the limbs were buried beneath the Phanerozoic
sedimentary strata, and those limbs shared identical features with the Lake Superior
segment. However, there is no well-defined geological and geophysical information
about those limbs. Several active-source seismic profiles (COCORP) (Figures 1.3 and
1.4) were conducted in the states of Michigan, Minnesota, Wisconsin, Iowa, and Kansas
over the past several decades and have been used for investigation of those limbs. Results
of interpretations showed an asymmetric, approximately 70 km wide and 13 km thick rift
basin which is filled with mafic volcanic and clastic sedimentary rock layers. The rift
basin provides evidence for a system bounded with normal faults (Hinze et al., 1997;
Woelk et al., 1991).
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Figure 1.3 Location of COCORP Kansas line 1, drawn on the gravity anomaly map
(Woelk et al., 1991).

West

Figure 1.4 Seismic reflection profile on the Kansas segment (COCORP, 2006).

East
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2. GEOLOGICAL SETTING

In general, most observable outcrops of the MRS are exposed only in the Lake
Superior region. Rift-related rocks in other areas were studied with drill holes, which
targeted the potentially economical upper-sedimentary section. Those wells were drilled
on the MRS in Iowa, Kansas, Michigan, Minnesota, and Wisconsin. Furthermore, those
exposures represent only the upper part of the MRS (Hinze et al., 1997). Rock
consistency and the crust beneath the MRS have been investigated from regional
geophysical anomalies (Van Schmus, 1992). Results essentially show that the MRS cuts
over several 1.2 Gyr old Precambrian basement segmentary layers with different ages,
structure, and the amount of production of igneous rocks (Van Schmus et al., 1985).
Mafic rocks were penetrated in 19 drill holes.
Results from the Poersch#1 borehole data in north-central Kansas show that the depth
of the Keweenawan group of gabbro is up to 91 m (300 ft), the depth of the basaltic flow
is 1307 m (4300 ft), and the depth of clastic sedimentary rocks is 1186 m (3900 ft). Those
segments comprise approximately the first 2584 m (8500 ft) section of the average depth
of 3444 m (11300 ft) of the borehole data. Results of other studies from the drill-hole
data indicate that 1180 m (3870 ft) part of the total depth data shows conglomerates and
arkoses with a small amount of siltstone and mafic rocks. In addition to these results,
approximately 1399 m (4590 ft) of basalt and gabbro were observed from the upper
succession of the data (Berendsen et al., 2010; Berendsen, 1997; Van Schmus, 1992).
Major Paleozoic and Precambrian formations were mapped from well information
over the Nemaha tectonic zone (Figure 2.1) (Berendesen, 1997). The Precambrian
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basement map shows that the basement bent before the accumulation of the upper
Cambrian sedimentary rocks (Figure 2.1). The mafic rock borders of the MRS region
extend from Dickinson County northward to the Nebraska border (Figure 2.1) (Cole,
1976; Zeller, 1968; Berendsen, 1997). Figure 2.2 shows the geophysical anomaly and
Precambrian rocks.

Figure 2.1 Interpreted distribution of the Keweenawan rocks in the MRS (Berendsen,
1997).
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Figure 2.2 Precambrian basement and earthquake locations (Bickford et al., 1979).

Some segments of the MRS in the Lake Superior region may not be observed in other
parts of the limbs of the MRS due to the highly angled reverse faults. However, it is
believed that the general structure of the MCR is quite analogous to the Lake Superior
region. On the other hand, this similarity probably does not represent other segments in
detail (Dickas, 1986). Moreover, it has been difficult to determine the total depth of the
Keweenawan Supergroup due to the lack of structural and geological information (Hinze
et al., 1997).
Lithologic units which are related to the MRS are generally named as ‘Keweenawan
group’ (Van Schmus, 1992). This group consists of mafic volcanic and overlying postvolcanic clastic sedimentary units. In the Lake Superior section of the MRS, the 1.1 Ga
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old Keweenawan group can be divided into two major units which are further separated
into 2 more suits (Figure 2.3) (Van Schmus et al., 1985; Merk et al., 1982; Green, 1982):


A lower, largely volcanic sequence (a primarily basin-fill unit that is composed of

an igneous sedimentary unit):
o Syn-rift volcanic rocks,
o Early-rift intrusions and volcanic rocks.


An upper, overlying clastic sedimentary package ( a late-stage unit that is

flattened on the initial rock suite and consists of sedimentary rock):
o Late- to post- rift sedimentary rocks,
o Post-rift sedimentary rocks.
The Precambrian basement in Kansas is composed of igneous, metamorphic, and
metasedimentary rocks (Zeller, 1968). Major suits of the rift system are shown in Figure
2.3 (Van Schmus, 1992). This Precambrian basement dips predominantly to the south but
also to the west into the Salina basin.
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Figure 2.3 Generalized stratigraphic relationship for the midcontinent rift system. N is
prevailing normal, R is reversed magnetic polarity. Also numbers refer to dated portions
(Van Schmus, 1992).

A variety of orthogenesis ranging rocks (such as those from amphibolite, diorite,
tonalite, and granodiorite to granite) can be found in the northern Central Plains Orogen
(CPO) (Van Schmus et al., 1982; Wallin et al., 1988). On the other hand, younger
basement rocks are found in northern and central Kansas. However, the 1.80-1.75 Ga part
(predominantly granitic) of the CPO cannot be observed further away from the southern
part (Van Schmus et al., 1987; Van Schmus, 1992). This predominantly granitic part of
the CPO can be observed, although mostly mafic rocks are found in the basement of
Nebraska (Van Schmus, 1992). The Southern Granitic Rhyolite province arises on the
subsurface of southwestern Missouri and southern Kansas (Denison et al., 1984).
There are three possible sources for the interflow rocks, including lava flow from
distant-uplifted volcanics, intrusive rocks, and pre-Keweenawan rocks. Streams flowing
to the surface of the volcanic flows caused the deposition during short breaks in
volcanism. The post-volcanic sedimentary rocks from the upper Keweenawan segment
were named the ‘Rice Formation’ (Van Schmus et al., 1985; Scott, 1966; Berendsen et
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al., 2010). The Rice formation, which is composed of limestone and dolomite formations
with sandstones and shale, is located between Marshall and Osborne Counties on the
north and Reno and Harvey Counties on the south (Scott, 1966; Berendsen et al., 2010;
Zeller, 1968).
The second largest basin in Kansas, the Salina basin (Figure 2.1), covers a 12,700
square mile area. The western part of this basin is taken up by Cretaceous rocks, and
Permian beds can be observed on the basin’s eastern side. The thickest part has a
thickness of approximately 4,500 ft (Merriam, 1963).
One of the most important geologic structures, crossing all of Kansas from Nemaha
County to Sumner County, is the Nemaha anticline (Figure 2.1). Importance of the
Nemaha anticline arises from discovery of oil in 1914. Exploration of existence of oil at
Nemaha led to the beginning of intensive studies of the Nemaha anticline. Identification
of the Nemaha zone was made through the Permian-Pennsylvanian age surface rocks. It
is buried beneath a format mountain range from northeast-southwest to the east central
portion of the Kansas (Merriam, 1963; Baysinger, 1963). The Precambrian granite is 600
ft thick and lies on the crest of the anticline, and it extends toward the south about 4,000
ft beneath the surface. Another anticline feature, observed as a horst and graben structure
at the basement of the MRS, is named as ‘Abilene’ (Figure 2.1), and the Humboldt fault
is an adjacent system that extends from northern Kansas to the Nemaha anticline (Figure
2.4). High-angle reverse and normal faults have been observed in several areas of this
system (Yarger, 1983; Jewett, 1951; Merriam, 1963).
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Figure 2.4 Humboldt Fault (Jewett, 1951).

According to drill-hole data, the central sunken block may locate below intrusive and
extrusive mafic rocks, and basalt and gabbro are predominantly found in this block.
However, it is not certain whether they reflect the metamorphic rift sediments for the
entire MRS or not. There is no scientific proof about the nature of the basement, i.e.,
igneous, metamorphic or sedimentary rocks of the system due to limited information. The
sedimentary layer consists of oxidized arkoses, sub-arkoses, siltstones/shales and
conglomerates along the MRS. The structural and the geological information about the
buried portion of the entire rift system is unclear despite the fact that sediments overlying
the rift system with the thickness of about 3,000 ft. (~900 m) have obvious similarities
(Berendsen et al., 2010). Figure 2.5 shows a generalized geological map of the state of
Kansas.

Figure 2.5 Generalized geology map of the state Kansas (Kansas Geological Survey, 1996).
14
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The Kansas rock system consists of 7 major parts. Four of them can be determined
from the outcrops, and the ages of those four parts are Tertiary-Quaternary, Mesozoic,
Pennsylvanian-Permian, and Mississippian. The remaining units were investigated from
drill holes and were determined to be Silurian-Devonian, Cambrian-Ordovician, and
Precambrian (Jewett et al., 1959).
The upper Paleozoic part of the Permian-Pennsylvanian age system can be observed
at almost every part of the world and can be identified with coal deposits of abundant
marine and land plants (Jewett et al., 1959; Zeller, 1968). Figure 2.5 shows the Permian –
Pennsylvanian rocks dipping westward so that the rocks can be observed on the eastern
part surface. The Permian-Pennsylvanian system also forms part of the MRS from the
southeastern part to 6,000 ft away from the southwestern part of Kansas (Jewett et al.,
1959). The crust gets thinner about 10 km beneath the entire system compared to average
thickness in Kansas (Figure 2.5) (Steeples et al., 1988). The mantle-crust transition
boundary dips by 10 to the east-central part of Colorado from Kansas (Berendsen et al.,
2010).
Another feature of the Permian-Pennsylvanian rocks is the continuous dolomite layer
that is penetrated at the Permian red-bed level, which consists of mainly shale and
siltstone. The lower 800 ft of the Permian red-bed formation was deposited in a shallow
marine environment due to the existence of dolomite (Swineford, 1955; Jewett et al.,
1959).
Divisions of Pennsylvanian rocks, which are assigned to different series, are
separated (especially in the outcrop area) by unconformities. Those unconformities may
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represent lapses of considerable time in the record. Although sudden changes are not
common along the MRS, the lateral continuity of lithology and almost uniform thickness
of stratigraphic units are prominent characteristics of lower Permian and Pennsylvanian
rocks in Kansas (Jewett et al., 1957).
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3. TECTONIC HISTORY

Although there is no record of any magmatic activity in the rift region prior to the
beginning of the rifting, it is assumed that magmatic activity continued for 15 m.y.
(Cannon et al., 1992). According to modern tectonic models, the Grenville orogeny and
foreland pressing actually stopped the taking apart of the North American craton on the
MRS instead of causing the rifting itself (Cannon et al., 1992). The older volcanic part
was spread over the sedimentary sequence when the system was reversed (Woelk et al.,
1991). Volcanism along the southwest limb of the MRS was observed from the magnetic
polarity record and the age of gabbro. The results are the same as those from the Lake
Superior part. The results also indicate that hot spots were not located on a line but were
probably present in the triple-junction (Hutchinson et al., 1990; Nicholson et al., 1990).
Estimated activity ages are shown in Table 3.1. The activity ended approximately 23 m.y.
after it had begun (Van Schmus et al., 1992).
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Unit

Age (Ma)

Method

Ref.

Normal Magnetic Polarity
Michipicoten Island Fm. (Rhyolite

1087±3

U-Pb(Z)

P1

Coppoer Harbor Conglomerate (Andesite; Lake Shore Traps)
Portage Lake Volcanics (Basalt)
Portage Lake Volcanics (Basalt)

1087±2
1094±2

U-Pb(Z)
U-Pb(Z,B)

D1
D1

1096±2

U-Pb(Z,B)

D1

1098±3
1098±4
1108±4
1109±4

U-Pb(B)
U-Pb(Z)
U-Pb(Z)
U-Pb(Z,B)

V1
D2
D2
D2

Reversed Magnetic Polarity
Texaco-Poersch drill hole, Kansas (Gabbro)
Osler Group (Rhyolite)
Osler Group (Porphyry)
Logan Sills (Diabase)

Figure 3.1 Selected isotopic ages for igneous rocks of the MRS. B = baddeleyite, Z =
zircon. D1=Davis & Peaces, 1990; D2=Davis & Sutcliffe, 1985; P1= Palmer & Davis,
1987; V1= Van Schmus et al. 1989b (Van Schmus , 1992).

Classification of a rift system is basically named as “active” and “passive” types. The
general mechanism of active rifting is mantle upwelling, which has an active role for
doming of the lithosphere. Then, this mantle movement cracks the lithosphere and
initiates the rifting. On the other hand, for passive rifting, the mantle under the rifting
area has a passive role and there is no-doming before rifting. Two-dimensional plate
movement causes the generation of tensional stresses for the general mechanism of
passive type rifting. Those stresses lead to bending and fracture of the lithosphere (Van
Schmus et al., 1985; Sengor et al., 1978). Figure 3.2 shows the tectonic evolution of
active and passive rifting types. The left part of Figure 3.2 represents the active type of
rifting that shows lithospheric uplift and a mantle plume, and the right part of Figure 3.2
shows the passive type of rifting which is formation of the graben structure resulted in
tensional stresses (Merle, 2011).
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Figure 3.2 Illustration of tectonic evolution of “Active” (A) and “Passive” (B) rifting
types (Merle, 2011).

A comparative study of the MRS and East African Rift System (EARS) found the
following major differences (White, 1972a):


Igneous rocks in the MRS are theoleiitic while those in the EARS are alkaline,



A segment of the crust beneath the MRS bended downward while the EARS crust

formed as graben structure,


The MRS has mainly flood basalts, and the EARS has sediments and central

volcanoes,


The MRS indicates large gravity highs anomalies compared to the EARS on

gravity anomaly maps.
Several studies suggest models to explain the formation of the MRS in different
perspectives. Chase et al. (1913) stated that the MRS was formed by spreading two plates
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around a point. However, this event requires the existence of major transform faults.
Ocola et al. (1973) point out that the most similar rift system to the MRS is the Red Sea
Rift because of several geophysical and geological parameters. Another study explains
that the western Lake Superior area of the MRS is a complex combination of grabens and
half-grabens but several geological and geophysical features are inconsistent with this
model (Weiblen et al., 1980; Green, 1983).
There are three types of evidence that support the idea that generation of the MRS
was caused by forces from a mantle plume (Cannon et al., 1992):


Evidence of mantle plume in the region during rifting,



Evidence of a similarity between the rifting and the high amount of volcanism

related to basalt in time and space,


Evidence that the stress field was generated by plumes.

The melting point of the mantle beneath the MRS requires higher temperature,
approximately 250 0C higher than that of typical mantle beneath the mid-ocean ridges.
This high temperature mantle plume is also assumed to be the main reason for the
production of the basalt part of the MRS. This observation explains the existence of the
mantle plume beneath the MRS during active volcanism (Cannon et al., 1992).
Another question is whether the temperature was low enough to solidify the basalt
before the extension started. The answer is that the abundant basalts probably came from
the eruption at the beginning. Therefore, hot mantle was not caused by any movementrelated factor (such as extension and/or extension caused depression) (Cannon, 1992;
Hinze et al., 1992). Figure 3.3 shows the evolution of the MRS (Stein et al., 2015). The
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rifting consists of four phases. Development of low-angle faults and deposition of basalts
occurred during the first phase (Lower-Keweenawan) of the evolution history (Figure
3.3-second illustration from the top). Sagging, which caused the formation of graben
structure, and extension continued during the second (Middle-Keweenawan) phase. Also,
basalt flow deposition was proceeded (Figure 3.3-third illustration from the top).
Termination of volcanism, and extension stage is the third phase which is called as
“Upper Keweenawan time” (Figure 3.3-fourth illustration from the top). At the fourth
stage which was named as Upper-Keweenawan stage (tectonic inversion stage), the
tectonically inverted central graben and surrounding area were settled by thermal
collapse. Normal faults were converted to reverse fault in this fourth phase (Figure 3.3fifth illustration from the top). Therefore, development of the midcontinent rift system is
active type dominated forces rather than passive. The last part of Figure 3.3 represents
present structure of the MRS (Cannon, et al., 1989; Cannon, 1992; Van Schmus et al.,
1985; Stein et al., 2015).
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Figure 3.3 Tectonic evolution history model for the MRS (Stein et al., 2015).
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4. DATA AND METHOD

Gravity and magnetic methods have been widely used to determine 3-D physical
property variations along the subsurface for exploration purposes. Conventional gravity
applications have been an essential tool for structural investigations of the crust, defining
the subsurface for resource exploration, and designing exploration models. On the other
hand, magnetic prospecting is the oldest and most commonly used method for
investigations of magnetically susceptible rocks dominated areas (Hinze et al., 2013).
Magnetic susceptibility (intensity of magnetization) is the variable in magnetic
interpretation as the same as density in gravity interpretation (Telford et al., 1990). The
success of interpreting of gravity and magnetic data depends on mainly geologic
background and information about the region because physical parameters (such as
density, susceptibility, etc.) were formed by geological events. Every rock unit has also
specific density and susceptibility values. Hence, interpreters use those information to
identify them as a different rock bodies. However, there is no unique solution from
gravity and magnetic data alone since an infinite number of mass distributions can give
the same gravity response. Figure 4.1 shows a decomposed gravity anomaly profile.
Separation of the different density layers is important to define each rock body uniquely
(Woelk, 1989).
Since the study area is poorly examined due to the scarcity of seismic data, gravity
and magnetic methods could be effective investigation methods to interpret the rift
structure. Additionally, depositional sediments could cause density contrast in the study
area. The available gravity and magnetic datasets, which are used for both commercial
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and scientific purposes, are collected to achieve success in exploration. In order to
investigate the Kansas section of the MRS, Complete Bouguer Anomaly, Isostatic
Anomaly, and Magnetic Anomaly data series were requested from the United State
Geological Survey (USGS). They were combined with gravity and magnetic data from
the states of Nebraska, Kansas, and Oklahoma. Complete Bouguer, Isostatic Gravity, and
Aeromagnetic maps are shown in Figures 4.2, 4.3 and 4.4, respectively. At the NebraskaKansas border, southwesterly oriented MRS anomaly in both gravity and magnetic maps
shifts to the east by approximately 60 km, then goes into central Kansas. This shifted
segment in Nebraska does not belongs to the Keweenawan units (Lidiak, 1972; Treves et
al., 1984). Gravity anomaly above the MRS at Kansas can be easily distinguishable when
compared to the surrounding area.
The magnetic-gravity anomaly characteristics on the anomaly map of Kansas is part
of Missouri Gravity Low (MGL). It can be observed from derivative aeromagnetic maps
that the MRS extends toward northern Oklahoma and disappears in central Oklahoma
(Yarger, 1985).

Figure 4.1 Gravity anomaly decomposition of formations beneath the MRS (Woelk,
1989).
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Figure 4.2 Complete-Bouguer gravity anomaly map. The red rectangle indicates the study
area. (R.D.=2.67 g/cc).

The Bouguer gravity anomalies (Figure 4.2) are the results of lateral density
variations in the Earth. Positive anomalies (red colors in Figure 4.2) occur in areas with
an average crustal density greater than the Bouguer reduction density of 2.67 g/cc,
whereas negative anomalies (blue colors) occur in areas of lower density. The complete-
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Bouguer gravity anomaly grid was compiled using data from 109,828 gravity stations
(some of them are duplicated) in and adjacent to the states of Nebraska, Kansas, and
Oklahoma. The data set was requested from the gravity database of the National
Geophysical Data Center (Hittleman et al., 1994). Measured gravity anomalies that were
dependent on the International Gravity Standardization Net 1971 (IGSN71) datum were
calibrated to the Bouguer anomaly by utilizing the 1967 gravity equation (Cordell et al.,
1982) with the adjustment density of 2.67 g/cc. A terrain correction pattern was designed
between each station with a distance of 167 km (Plouff, 1977). The minimum curvature
method was deployed to the data, converting it to a 1000 m grid by the USGS (Sweeney
et al., 2013).
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Figure 4.3 Isostatic gravity anomaly map. The red rectangle indicates the study area.

The colors in the isostatic residual gravity anomaly map (Figure 4.3), which was
produced from the Bouguer anomaly data, indicate the lateral differences in the Earth’s
gravity field. The isostatic residual gravity anomaly map grid was produced by extracting
the isostasy gravity grid from the Bouguer gravity grid because the Bouguer gravity grid
includes deficiencies in the mass from topographic loads. In order to produce the isostatic
model, averaged digital topography, a crustal thickness of 20 km, a crustal density of 2.67
g/cc, and a density contrast between the crust and upper mantle of 0.30 g/cc were
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imposed. The isostatic maps helped to map the geological figures including buried faults,
sedimentary basins, plutons, and uplifted basement rocks. The reddish colors refer to the
density of the rock being higher than its vicinities. The bluish colors illustrate the
opposite of the reddish colors (Sweeney et al., 2013).

Figure 4.4 Aeromagnetic anomaly map. The red rectangle indicates the study area.
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The Nebraska, Kansas, and Oklahoma aeromagnetic grid was obtained with
unification of 28 individual surveys, which were acquired between 1954 and 1985, by the
USGS. Each dataset has different data qualities. The survey designs and parameters differ
from survey to survey based on acquisition purposes and technologies. The aeromagnetic
database was obtained by the USGS, other federal agencies, and state universities. In this
study, the aeromagnetic data was provided by the Kansas Geological Survey. Some of the
1954, 1963, and 1964 data are available only on hand-contoured maps and had to be
digitized. These maps were digitized along flight-line/contour-line intersections, which
are considered to be the most accurate method of recovering the original data, by the
USGS. All surveys were continued to 304.8 m (1,000 ft) above ground level and then
blended or merged together.
The following steps were applied to process the potential field data. First, the data set
was imported to Oasis Montaj, a commonly used software for gravity and magnetics
interpretation, mapping and 2D/3D forward modelling, and different projects/studies
were converted into the same projection system as NAD27. Then, the data from Kansas
were cropped out from the first group of data. This data and the elevation data that were
taken from software database are shown in Figures 4.5-4.8.
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Figure 4.5 Bouguer anomaly map of Kansas. The blue rectangle indicates the study area.

Figure 4.6 Isostatic anomaly map of Kansas.
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Figure 4.7 Magnetic anomaly map of Kansas.

Figure 4.8 Elevation map of Kansas.
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At first, it is easily seen that the gravitational and magnetic effects change
considerably in the vicinity of the MRS. It is assumed that the variation of laterally
constant crustal and the mantle densities and variation in the surface are balanced by the
various thickness and depth to the Moho, a result that supports the Airy-Heiskanen theory
of isostasy (Hinze et al., 2013). Basically, the isostasy map shows the assumed Moho
boundary limitations. Computation of the isostasy map (Figure 4.9) is simply a matter of
extracting the isostatic anomaly map from the Bouguer anomaly map. The grid math
section in the Oasis Montaj program can perform these processes and provide
information about the Moho boundary beneath the study area. The location of the
interpreted profile is shown in Figure 4.9 with A-AI.

A

AI

Figure 4.9 Isostasy anomaly map of Kansas. Black line shows the interpreted profile.
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Both 3x3 and 5x5 convolution processes were applied to the isostatic anomaly map of
the state of Kansas in order to improve data quality for interpretation (Figures 4.10, 4.11).
Thereby, 3x3x3 and 5x5x5 convolution processes were applied in order to obtain better
data by filtering out the noise (Figure 4.12, 4.13). Comparably, 3x3x3 convoluted map is
selected due to its better quality. 5x5x5 convolution may cause loss of signal/noise ratio.
For example, results of 3x3 convolution map (Figure 4.10), and 5x5 convolution map
(Figure 4.11) have different resolutions. The peak points on the 5x5 convolved map is
more distinctive than peaks on the 3x3 convolved map. However, small dots get more
sharpened. Therefore, 3x3x3 and 5x5x5 convolved maps were produced. Both results
give almost the same resolution quality. All peaks and base points are almost the same
quality but dots on the 3x3x3 convolved map (Figure 4.12) are less distinguishable than
those on the 5x5x5 convolved map’s results (Figure 4.13).

Figure 4.10 3x3 Convolved isostatic anomaly map.
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Figure 4.11 5x5 Convolved isostatic anomaly map.

Figure 4.12 3x3x3 Convolved isostatic anomaly map.
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Figure 4.13 5x5x5 Convolved isostatic anomaly map.

Isolation of the residual gravity/magnetic anomalies produced by shallow sources
from deep sourced regional effects was applied to the anomalies by using a regionalresidual separation technique. There are important reasons for separating the regionalresidual sources in the data. For example, residual anomalies are mostly caused by the
basement and/or shallow sources within the sedimentary layer. On the other hand, results
cannot be unique mainly due to the number of possible structures that produce the
anomaly and the interpreter’s perspective (Keating et al., 2011). The Butterworth filter is
excellent for applying straightforward high-pass (residual) and low-pass (regional)
filtering to gravity data because one can easily control the degree of filter roll-off while
leaving the central wavenumber fixed (Figure 4.14). In order to analyze the anomalies,
the Butterworth low-pass filter was applied to separate the residual effects from the
regional effects at exact depth.
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Figure 4.14 The frequency response of an ideal nth order Butterworth filter (Whitehead et
al., 2007).
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(4.1).
L(k) = frequency function for an nth order Butterworth filter
n= degree of the Butterworth filter function. By default a degree of 8 is used.
ଵ
బ

= cutoff wavelength (in ground units). It was changed to get the necessary level

k0= the central wavenumber of the filter.
Ground unit= the survey ground units used in the grid (e.g. meter, foot, etc.).

Figure 4.15 Butterworth filter example screenshot taken from Oasis Montaj.

1930)
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After the Butterworth filter was applied, the regional anomaly maps for 1000 m, 2000
m, 3000 m and 4000 m are produced and are shown in Figures 4.16-4.19, respectively.
Those figures show that the structural consistency of the system, which is marked with
the green-square, can be distinguishable at 4000 m depth. Below this depth, anomaly gets
smoother. It means that the source of the anomaly loses its influence on the map.
However, the source of the anomaly can be still observable at 4000 m depth.

Figure 4.16 1000 m Regional anomaly map. The green rectangle indicates the study area.
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Figure 4.17 2000 m Regional anomaly map.

Figure 4.18 3000 m Regional anomaly map.
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Figure 4.19 4000 m Regional anomaly map.

After the Butterworth filtering was applied, horizon gradient maps were constructed
for every regional depth level in order to determine fault locations. The horizontal
derivatives in both the x and y domains were calculated on the original data grid, and the
root of the square sum of both the derivatives gives the horizontal gradient (HG) of the
fields (equation 4.2). The Magmap tool in Oasis Montaj was used for derivative
calculations (Figure 4.20). The HG peaks over the edges, and is zero over the body. It
generally delineates the lateral locations of the subsurface causative sources (Cordell et
al., 1985; Blakely, 1995). Both the x and y direction derivative maps and horizon gradient
maps for every regional depth level are shown in Figures 4.21-4.25.
డ ଶ

డ ଶ

డ௫
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(Blakely et al., 1986) 4.2

40

Figure 4.20 Magmap filter design tool screenshot.

aFigure 4.21 Regional 0 m anomaly maps, a-) Residual X-axis faulting at 0 km, b-)
Residual Y-axis faulting at 0 km, c-) Horizon gradient map at 0 km
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b-

cFigure 4.21 Regional 0 m anomaly maps, a-) Residual X-axis faulting at 0 km, b-)
Residual Y-axis faulting at 0 km, c-) Horizon gradient map at 0 km (cont.).
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a-

bFigure 4.22 Regional 1000 m anomaly maps a-) Residual X-axis faulting at 1 km,
b-) Residual Y-axis faulting at 1 km, c-) Horizon gradient map at 1 km.
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cFigure 4.22 Regional 1000 m anomaly maps a-) Residual X-axis faulting at 1 km, b-)
Residual Y-axis faulting at 1 km, c-) Horizon gradient map at 1 km (cont.).
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a-

bFigure 4.23 Regional 2000 m anomaly maps. a-) Residual X-axis faulting at 2 km,
b-) Residual Y-axis faulting at 2 km, c-) Horizon gradient map at 2 km.
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cFigure 4.23 Regional 2000 m anomaly maps. a-) Residual X-axis faulting at 2 km, b-)
Residual Y-axis faulting at 2 km, c-) Horizon gradient map at 2 km (cont.).
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a-

bFigure 4.24 Regional 3000 m Anomaly maps, a-) Residual X-axis faulting at 3 km,
b-) Residual Y-axis faulting at 3 km, c-) Horizon gradient map at 3 km.
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cFigure 4.24 Regional 3000 m Anomaly maps, a-) Residual X-axis faulting at 3 km, b-)
Residual Y-axis faulting at 3 km, c-) Horizon gradient map at 3 km (cont.).
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a-

bFigure 4.25 Regional 4000 m anomaly maps, a-) Residual X-axis faulting at 4 km,
b-) Residual Y-axis faulting at 4 km, c-) Horizongradient map at 4 km.
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cFigure 4.25 Regional 4000 m anomaly maps, a-) Residual X-axis faulting at 4 km, b-)
Residual Y-axis faulting at 4 km, c-) Horizongradient map at 4 km (cont.).

The white lines represent possible fault and other source locations on both the horizon
gradient and derivative in the x and y directions map. The maximum points on the
horizon gradient anomaly maps indicate possible fault and other possible feature
locations. On the other hand, discontinuities are investigated with the derivative process.
This means that the minimum and maximum points on the graph were possibly caused by
sudden physical feature changes of the formations (such as density, susceptibility, etc).
The reason for this is that possible fault locations on derivatives in the x and y direction
maps are assumed to be the maximum and minimum points. All the lines were given
different colors to indicate each depth levels. They were overlapped on one map to
determine if all the drawn lines were located at the same places or not (Figure 4.26).
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Figure 4.26 Overlapped peaks for all horizon gradient depth levels.

The reason for choosing the same profile line from the COCORP survey and other
studies is that other studies were thought to be a reference for this study (Figure 4.27).
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Figure 4.27 Possible feature peaks overlapped on isostatıc anomaly map. Black line
shows the interpreted profile.

The black line in Figure 4.27 shows the interpreted profile line. The interpretation and
modeling were made with the GM-SYS tool in Oasis Montaj. Figure 4.28 shows a
screenshot of the GM-SYS interpretation.
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Figure 4.28 GM-SYS tool screen.

The GMSYS 2D forward modelling interface represents the observed magnetic and
gravity anomaly along the A-AI profile, respectively (Figure 4.28). The solid black lines
represent calculated gravity and magnetics whereas dotted black lines are observed
values. On the other hand, the red solid line is the estimated error value to show how
observed and calculated values fit to correspond the interpreted model. The error
estimation is displayed on the lower left corner of the profile
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5. RESULTS

The possible structural model beneath the MRS from the interpretation processes for
Bouguer anomaly map is shown in Figure 5.1.

Figure 5.1 Results from Bouguer anomaly profile line. The depth of the Mohorovičić
boundary (mantle-crust boundary) is found approximately at 49000 m.

To get the results, both calculated gravity and magnetic anomalies by program, and
observed (Isostatic/Bouguer) gravity and magnetic anomalies were fitted as much as it
could be. The error percentage for gravity and magnetic fitting processes were calculated
as 2.88% and 10.547% respectively.
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The Figure 5.1 shows that the Moho depth is approximately 49 km below the MRS. A
Phanerozoic aged sedimentary layer with a density of approximately 2.5 gr/cm3 and the
susceptibility of 0 cgs were observed at approximately 1500 meters of the MRS. Below
this sedimentary part, some 3 clastic sedimentary layers were established. The thickness
of the first of them, which has a 2.48 gr/cm3 density and 0 cgs susceptibility, from left of
the model is nearly 4400 m. The thickness of second one, which has a 2.61 gr/cm3 density
and 0 cgs susceptibility, from the left is about 2250 m. The third one, which has a 2.60
gr/cm3 density and 0 cgs susceptibility, is close to 1300 m. After these clastic parts,
magnetic basalt part is found at about 6200 m. The entire part has a 2.9 gr/cm3 density
and 0.006 cgs susceptibility. However, the gravity anomaly did not fit as well as the
magnetic anomaly. A non-magnetic but dense rock section is supposed to be right
underneath the magnetic basalt layers, and this non-magnetic but dense rock layer
probably causes the unfitting section on the gravity anomaly. After a zero susceptible and
same density with magnetic basalt layer was added to the model structure, the gravity
anomaly was fitted well with an error of 2.88%. It means that below this ferromagnetic
basalt layer, there is another dense but non-magnetic basaltic layer at around 9000 m. The
density of the upper crust was taken as 2.67gr/cm3. The mantle density was taken as
3.1gr/cm3.
The Curie depth is the theoretical surface with a temperature of approximately 5800C
at which the crust and uppermost mantle cease to be ferromagnetic. The main cause of
crustal magnetism is the action of geothermal effects (Chopping et al., 2015; Hsieh et al.,
2014). Right underneath the basalt layer (with averagely 0.006 cgs) of the MRS, there is a
nonmagnetic basalt formation structured with approximately the same density as the

55

magnetic basalt layer (2.85 gr/cm3). Thereby, it can be estimated that the Curie depth is
possibly between 8000-10000 m, which is the transition between magnetic and nonmagnetic basalt layers. This nonmagnetic basalt layer’s thickness is about 3200 m on the
left side and 7000 meters on the right side of the rift system.
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6. DISCUSSION

Several studies (e.g., Somanas et al., 1989) on the northeastern Kansas section of the
MRS have shown that basalt layers with an approximate density of 2.9gr/cm3 were
determined. These studies meet at a common ground with this study. There is just one
different interpretation about nonmagnetic layers below the system. One of the studies
states that there is a nonmagnetic deep source layer with a density of 3.13gr/cm3, and the
depth of the magnetic basalt filled basin is 3 km on average (Somanas et al., 1989)
(Figure 6.1). However, Woelk and Hinze (1991) interpreted this layer as mafic intrusives
in order to match the observed and computed gravity anomalies. Results show that
average thickness of the crust right beneath the system is approximately 48 km. The
thickness of the sedimentary layer of the system is about 2 km. The average thickness of
the magnetic basalt layer is about 8 km. They also concluded that the central igneous rift
basin was enclosed by reverse faults (Figure 6.2) (Woelk et al., 1991). The important
point is that these two studies pointed the existence of a dense and nonmagnetic rock
body. The differences between models are caused most probably by technological
developments, data quality, or the perspective of the interpreters.
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Figure 6.1 Model for interpretation of gravity and magnetic anomalies (Somanas et al.,
1989).

Figure 6.2 Geologic model of interpreted reflections with gravity and magnetic anomalies
(Woelk et al., 1991).
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The MRS receiver function study, which includes 743 receivers chosen out of 25
stations, states that the crustal thickness beneath the entire MRS is observed to be up to
53 km with a mean of 41 km (Moikwathai et al., 2013). The study also points out that the
thickness of the crust beneath the MRS is about 40 to 53 km. The thickness under the
Kansas segment of the rift system is about 46.4 km. The result from station st05 right
above the Kansas segment of the MRS shows that the crustal thickness beneath the this
location is 46.4 km (Figure 6.3) (Moikwathai et al., 2013).

Figure 6.3 Topography map. The yellow arrow indicates station st05 (Moikdaki et al.,
2013).
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Interpretation results show that the fault locations between Figure 6.2 and Figure 6.4
match well. There are 2 reverse faults that were observed in Figure 6.2. However, four
different reverse faults were detected in Figure 6.4 because of the greater length of the
profile for this study. Furthermore right beneath the MRS, the average crustal thickness is
up to about 47 km the sedimentary thickness is close to 3 km, and the average thickness
of the magnetic, basin-fill basalt layer is about 9 km.

Figure 6.4 Possible fault interpretation of the Northeastern Kansas section of the
Midcontinent Rift System.
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7. CONCLUSIONS

Gravity and Magnetic data from the USGS are used to model the northeastern Kansas
segment of the Midcontinent Rift System (the MRS). General aspects of the
interpretation results show the asymmetric 80 km long (on surface) and 15 km thick
reverse fault bounded rift basin. In addition, the magmatism and rifting have altered the
crust structure. The results are summarized as follows:
1. The Phanerozoic sedimentary strata cover the MRS structure with approximately 2 km
thick. The density of Phanerozoic strata is 2.5 gr/cc.
2. There are three post-volcanic clastic sedimentary units right beneath the Phanerozoic
sedimentary strata. The thicknesses of these three clastic units vary between 1.3-1.4 km
with an average density of 2.5 gr/cc.
3. A 8 km thick magnetic basalt block is observed. It has a density of 2.9 gr/cc density and a
magnetic susceptibility of 0.006 cgs.
4. Beneath the magnetic basalt section, a 3 km thick non-magnetic basalt unit is found and
is proposed as having a temperature that is above the Curie point. The non-magnetic
basalt unit has the same density with magnetic basalt unit.
5. Possible curie depth point beneath the MRS is approximately 11 km. This depth level
gets shallower towards the eastern part of the rift basin. However, thermal gradient
studies will provide more accurate results for curie depth point beneath the MRS.
6. The average thickness of crust below the Proterozoic MRS is up to 48 km.
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